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Abstract: There is, at the present time, a great demand for chestnut rootstocks with improved resistance
to Phytophthora cinnamomi Rands in the nurseries. New genotypes are emerging from European
chestnut breeding programs and the production of thriving plants to restore old orchards with low
yields due to a high incidence of diseases, namely root rot, is necessary. Micropropagation is a useful
technique for clonal propagation. Nevertheless, in vitro culture propagation is genotype-dependent.
Consequently, the existing protocols may demonstrate poor reproducibility and low efficacy.
Thus, the need to contribute to the development of new micropropagation protocols suitable
for large production of emerging genotypes. As a contribution to fill this gap, a three-step protocol
was developed by using new combinations of Murashige & Skoog, Woody Plant, and adapted
modified Melin-Norkrans media in different stages of the propagation process. About 90% of shoots
were rooted, and after three months of acclimatization, 85% of these plants survived and were capable
of continuous growth in the field. Currently, this protocol is being used in the production of several
hybrid genotypes (with improved resistance to P. cinnamomi), selected from our ongoing breeding
program and also in Castanea sativa Mill. and Castanea crenata Siebold and Zucc. species.
Keywords: axillary shoot proliferation; Castanea hybrids; rooting; rootstocks; tissue culture
1. Introduction
The European chestnut (Castanea sativa Mill.) is a multipurpose tree, having a significant economic
interest for nut and wood production. Chestnut cultivars have been maintained by clonal propagation
using agronomic techniques such as rooting of cuttings. However, rooting of mature chestnut tissue
has proven to be a very difficult process [1,2]. Traditionally, chestnut cultivars were propagated by
grafting onto seedlings of C. sativa [3]. However, due to the high susceptibility of this species to the
oomycete Phytophthora cinnamomi Rands (the causal agent of root rot/ink disease) [4], the use of grafting
has become compromised. Hybrid clones of C. sativa with Castanea crenata Siebold and Zucc. or
Castanea mollissima Blume—the Asian species resistant to P. cinnamomi—are recommended as resistant
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rootstocks for plantations in affected areas [3,5]. The available genotypes in the European market
are from breeding programs from the 20th century [3,6]. Changes projected in the distribution of the
pathogen due to climate change [7] may lead to differences in disease expression (due to the emergence
of new strains and hosts). This creates a demand for new chestnut material, better adapted to the
current and predicted future climatic conditions. Therefore, new genotypes with improved resistance
to P. cinnamomi were selected from the Portuguese chestnut breeding program, initiated in 2006 [8,9].
Orchards need to be renewed and for that, it is essential to have numerous thriving plants ready
for field plantation. Micropropagation has proven to be an essential tool to overcome the production
difficulties of adult selected trees, including chestnut species and their hybrids [10–14]. Micropropagated
plants require acclimatization to ex vitro conditions. Problems with root induction and the physiological
status of the shoot, during and after the rooting process, have made acclimatization the most critical
step in the culture of mature chestnut materials [15,16]. Juvenile physiological characteristics of the
shoot are related to the chestnuts’ ability to root [17,18]. Meaning that, before rooting, the shoots
need to be capable of achieving exponential growth. This can be accomplished with optimal in vitro
culture conditions, mainly through the culture medium. Chestnut species and hybrids have already
been effectively micropropagated and rooted [5,15,19–21]. However, since in vitro propagation is
genotype-dependent, the selection of culture media and rooting steps remains an area of research.
Thus, novel and optimized protocols are urgently needed for emerging genotypes.
The goal of this work was to develop a new protocol for the propagation of chestnut from the
laboratory to the field. For this purpose, one P. cinnamomi-resistant chestnut hybrid [9] was used
as a case study, demonstrating the best medium to induce the optimal juvenile state of the shoots
before rooting and proceeded to the test of an innovative in vitro rooting protocol that enables the
development of healthy roots in three weeks.
2. Materials and Methods
2.1. Plant Material and Culture Conditions
A well-characterized P. cinnamomi-resistant hybrid (C. sativa×C. mollissima, genotype SM904) [9,22]
was selected as plant material. Shoot cultures were previously established in vitro from axillary bud
tissue collected from the mother plant. The disinfection process started by placing the axillary buds
in 70% (v/v) ethanol for 20 sec, followed by a wash with Tween-20 1% (v/v). After 3 min the buds
were transferred to a 50% (v/v) solution of commercial bleach, where they remained for 5 min with
vigorous stirring. After this step, the explants were washed in sterile distilled water for 5 min (this was
repeated twice). After disinfection, the explants were placed in individual test tubes (15 × 2.2 cm) with
15 mL of Murashige & Skoog medium [23] (half concentration of NH4NO3 and KNO3) supplemented
with 1 mg/L benzyladenine (BA), 100 mg/L ascorbic acid, 30 g/L sucrose and 8 g/L agar. The pH was
adjusted to 5.6–5.8 before autoclaving at 121 ◦C and 15 psi for 20 min.
After the establishment, cultures were transferred and maintained in Eco2Box with green filter
(oval modal 80 mm H; Duchefa Biochemie, Haarlem, The Netherlands) on 100 mL of the same
medium described above with BA concentration reduced to 0.1 mg/L (henceforth referred as MSB
medium). Fifteen shoots were placed in each container and maintained at 23 ◦C under a 16-hour light
(20–50 µmol m−2s−1) photoperiod. Subcultures were made every six weeks.
2.2. Elongation
After six weeks in culture, healthy shoots (about 3 cm tall) were transferred to the elongation phase.
Two elongation media were tested: (1) the maintenance MSB medium; (2) full-strength woody plant
medium (WPM) [24], with 100 mg/L of ascorbic acid, 30 g/L sucrose and supplemented with 0.1 mg/L
of zeatin and 8 g/L agar (hereinafter referred as WPMZ medium). The pH, containers, autoclave,
and culture conditions were the same as described in the previous section.
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After 6 weeks the development of shoots micropropagated in both media was compared by
measuring the length of the shoots (mm), number of leaves per shoot, biggest leaf length and width
(mm), dry mass (mg) and number of new shoots from the base of the initial explant. Forty-five shoots
of each treatment were analyzed.
2.3. Rooting and Acclimatization
Before rooting, shoots elongated in MSB and WPMZ media were subcultured in the pre-rooting
medium. The basal callus was removed, and shoots were placed on a modified MSB medium, free of
plant growth regulators (PGR) and with 3 g/L activated charcoal. The pH, containers, autoclave,
and culture conditions are the same as described in Section 2.1. After seven days in the pre-rooting
medium, the cut ends were excised (about 1–2 mm, just enough to renew the surface) and dipped in
a filter-sterilized 1 g/L indole-3-butyric acid (IBA) aqueous solution, at a depth of 0.5 cm for 1 min.
This was performed in a laminar flow cabinet.
For root development shoots were submitted to two different in vitro rooting conditions: treatment
with an adapted modified Melin-Norkrans (MMN) [25] liquid medium and the control condition,
using water. In more detail, SteriVent containers (High model; Duchefa Biochemie, Haarlem,
The Netherlands) were filled with 300 mL of perlite:vermiculite (1:1) substrate mixture, soaked with
200 mL of (1) adapted MMN liquid medium, substituting glucose for sucrose (250 mg (NH4)2HPO4,
150 mg MgSO4.7H2O, 500 mg KH2PO4, 25 mg NaCl, 50 mg CaCl2, 1.2 mL FeCl3 (1% solution),
0.1 mg Thiamine HCl, 10 g sucrose and 3 g malt extract; distilled water to 1 L; pH adjusted to
5.6–5.8 before autoclaving at 121 ◦C and 15 psi, for 20 min); (2) 200 mL of sterile distilled water,
as control. Twenty shoots were placed per container and cultures were maintained at 24 ± 1 ◦C under
a 16-hour light (20–50 µmol m−2s−1) photoperiod for three weeks. Three replicates of twenty shoots
each were analyzed per treatment for the following parameters: root induction (percentage of rooted
shoots), branched roots (percentage of rooted shoots with secondary roots) and number of roots per
rooted shoot.
Plants rooted with MMN medium were transferred to peat: perlite: vermiculite (1:1:1) mixture,
acclimatized for two weeks in a controlled cabinet at 25± 1 ◦C under a 16-hour light (20–50 µmol m−2s−1),
with a relative humidity of 50%, and then transferred to a greenhouse. After about three months,
the acclimatization survival was registered and plants were transferred to field conditions (GPS
coordinates: 39.347494, −7.395609; field with sandy soil; pH = 4.9). Eight months after acclimatization
they were dug out to visually access the root development.
2.4. Statistical Analysis
Data concerning the different parameters of growth during the elongation assays was presented
as a pool of 45 shoots. The values of the 3 containers with 15 shoots were combined since no significant
differences were found between containers. Data were analyzed and presented as mean ± standard
error (SE). A comparison of means for each of the different parameters of growth was accomplished by
performing a Mann–Whitney nonparametric test (p < 0.05).
For the rooting tests, an analysis of variance (one-way ANOVA) was performed and significantly
different means were identified by using the Tukey’s test (p < 0.05). Data were listed as means ± SE.
All tests were performed using GraphPad Prism version 5.00 for Windows, GraphPad Software,
San Diego California USA, www.graphpad.com.
3. Results
3.1. WPMZ Medium Leads to Improved Shoot Development
The displayed differences in shoot development and morphology are shown in Figure 1.
Excepting for the number of new shoots, all measured parameters were significantly higher in
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shoots elongated in WPMZ compared to shoots elongated in MSB. Figure 2 shows the development of
the shoots after 6 weeks of culture in both media.
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The different treatments significantly affected the rooting rates (F = 8.58; p = 0.007). The use of 
MMN liquid medium induced higher percentages of rooting in shoots elongated in both MSB and 
WPMZ (85% and 90%, respectively) in comparison with shoots rooted in the control conditions 
(Figure 3A). Other genotypes, elongated in WPMZ, also revealed similar percentages after rooting in 
MMN (Figure S1). The root branching also showed a significant improvement (F = 18.91; p < 0.001) in 
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3.2. M N Liquid Medium Induces High Rooting ates
The response of the explants to the different conditions, three weeks after root induction with IBA,
is shown in Figure 3.
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Figure 3. Effects of elongation and rooting media combinations (MSB + H2O, MSB + MMN,
WPMZ + H2O, WPMZ + MMN) i (A) rooting percentage, (B) percentage of branched roots and
(C) number of roots/plant. Data represent means of 3 replications of 20 shoots each. Bars indicate
standard error. Means with different letters are significantly different (ANOVA and Tukey’s test,
p < 0.05).
The different treatments significantly affected the rooting rates (F = 8.58; p = 0.007). The use
of MMN liquid medium induced higher percentages of rooting in shoots elongated in both MSB
and WPMZ (85% and 90%, respectively) in comparison with shoots rooted in the control conditions
(Figure 3A). Other genotypes, elongated in WPMZ, also revealed similar percentages after rooting in
MMN (Figure S1). The root branching also showed a significant improvement (F = 18.91; p < 0.001) in
the MSB + MMN and WPMZ + MMN conditions (88.56% a d 92.78%, r spectively) in comparison
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with only 28% in average from both dH2O treatments (Figure 3B). A significant increase of the
number of roots per plant (F = 11.34; p = 0.003) was observed in the shoots grown in WPMZ + MMN
(8.08 roots/plant) when compared to the other treatments (3 roots/plant in average) (Figure 3C). Figure 4
presents examples of the different roots obtained during the assays.
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Figure 4. SM904 roots 3 weeks after induction with 1 g/L indole-3-butyric acid (IBA) and development
(A) in distilled water and (B,C) adapted MMN. Shoots were previously elongated in (A,B) MSB and
(C) WPMZ. Bar = 1 cm.
After three months of acclimatization, 40% and 85% of the plants rooted in MSB + MMN and
WPMZ + MMN, respectively, survived. Figure 5A shows chestnut plants after eight months of
acclimatiz tion. These plants were then tra sferred t their permanent position with pruned roots
and have shown an impressive development in the following two years (Figure 5B). Other hybrid
genotypes, produced with WPMZ + MMN, were planted in a test field and the plantation success was
about 90%, with continuous development in the following two years (Figure S2).
Forests 2020, 11, x FOR PEER REVIEW 6 of 10 
 
the MSB + MMN and WPMZ + MMN conditions (88.56% and 92.78%, respectively) in comparison 
with only 28% in average from both dH2O treatments (Figure 3B). A significant increase of the number 
of roots per plant (F = 11.34; p = 0.003) was observed in the shoots grown in WPMZ + MMN (8.08 
roots/plant) when compared to the other treatments (3 roots/plant in average) (Figure 3C). Figure 4 
presents examples of the different roots obtained during the assays. 
 
Figure 4. SM904 roots 3 weeks after induction with 1 g/L indole-3-butyric acid (IBA) and development 
(A) in distilled water and (B,C) adapted MMN. Shoots were previously elongated in (A,B) MSB and 
(C) WPMZ. Bar = 1 cm. 
After three months of acclimatization, 40% and 85% of the pla ts rooted in MSB + MMN a d 
WPMZ + MMN, respectively, survived. Figure 5A shows chestnut plants after eight months of 
acclimatization. These plants were then transferred to their permanent position with pruned roots 
and have shown an impressive development in the following two years (Figure 5B). Other hybrid 
genotypes, produced with WPMZ + MMN, were planted in a test field and the plantation success 
was about 90%, with continuous development in the following two years (Figure S2). 
 
Figure 5. SM904 chestnut hybrids, rooted with adapted MMN liquid medium. (A) Plants eight months 
after acclimatization, with pruned roots before field plantation; (B) Plants with 2 years of growth in 
the field. Bars = 5 cm. 
Figure 5. SM904 chestnut hybrids, rooted with adapted MMN liquid medium. (A) Plants eight months
after acclimatization, with pruned roots before field plantation; (B) Plants with 2 years of growth in the
field. Bars = 5 cm.
Forests 2020, 11, 826 7 of 10
4. Discussion
For a long time, researchers have been developing protocols to overcome the recalcitrance of
chestnut to clonal propagation and allow large scale production of selected genotypes [26]. This work
describes a new propagation method that enables chestnut development from the laboratory to
the orchard.
Elongation of shoots was tested in MSB (containing BA) and WPMZ (with zeatin) media. The use
of MSB showed to be best for shoot multiplication since it promoted a higher number of new shoots
than WPMZ. The combination of MS basal medium with BA has been proven to be effective for
chestnut production by several researchers [13,16,27], making it a common combination for chestnut
in vitro multiplication. Nevertheless, the shoot length, number of leaves, biggest leaf length and width,
and dry mass of shoots growing in WPMZ were higher than shoots cultured in MSB. Indeed, zeatin,
combined with different basal media, has been considered the best PGR for micropropagation in other
Castanea species, regarding shoot length and number of leaves [13]. This indicates that physiologically,
shoots developed in the WPMZ medium may achieve an optimal juvenile state which is determinant for
the production of a functional aerial shoot system, a key factor for successful acclimatization to ex vitro
conditions [20]. Although the daily use of zeatin can be limiting due to its high cost, a single subculture
in WPMZ should be enough to develop shoots in proper physiological conditions for rooting.
Activated charcoal is a common supplement in plant in vitro culture media, and its positive
influences during the rooting process are well-documented [28]. This compound absorbs phenols [28],
minimizes the carryover effects of PGRs when transferring shoots to medium without PGRs [29],
and it also prevents callusing [30,31]. Before rooting, shoots were submitted to one short (seven days)
subculture in a medium deprived of PGR with activated charcoal. This pre-rooting step works as a
detoxification point to avoid carryover effects of zeatin and to avoid excessive callusing during the
rooting process. Medium with activated charcoal has been proven to be successful for in vitro rooting
of chestnut when used in combination with auxin [14,20]. To the best of our knowledge, it has never
been used as an intermediate step in the rooting process of chestnut.
Efforts to overcome chestnut recalcitrance to rooting have created a body of knowledge describing a
vast range of micropropagation techniques [13,16,20,32–34]. Gonçalves et al. tested MS semisolid media
with concentrations of IBA from 1.5 to 5 mg/L in chestnut hybrids [16]. The best results were obtained
with 5 mg/L IBA, with 82.4% of rooting and 3.1 roots per plant. Dipping the shoots in IBA solution
prior to culture media also allowed root development in up to 74% of the shoots [16]. Oakes et al.
developed a different approach for American chestnut, by testing the influence of light/darkness in the
rooting process after IBA dipping and placing the shoots in semisolid medium [20]. Dark conditions
produced 89% of rooted shoots compared to 67% of those kept in the light [20]. Sanchez et al. also
improved their success rates to 80% in chestnut hybrids by placing the shoots in semisolid media with
3-mg/L IBA for 5 days in the dark [32]. However, the best number of roots per plant (7.4) was obtained
by dipping the shoots in 1-g/L IBA [32]. Other approaches such as immersion systems are also proving
to be successful by presenting rooting percentages up to 73% in hybrid chestnuts [34].
The highest rooting percentages were obtained using MMN, 90% and 85% for WPMZ and MSB
elongations media, respectively. This suggests that MMN nutrient composition contributes for root
development. MMN has many components thus, future research by testing them individually and also
in different combinations, should provide us more information about the success during the rooting
process. Furthermore, the wet-porous substrate should provide advantages on root development
compared with common semisolid media, as observed for aerated substrates used in C. crenata [13],
walnut hybrids and Australian shrubs propagation [35,36]. Tetsumura and Yamashita improved
C. crenata rooting rates from 29% to 67%, and number of roots per plant from 2 to 3.8, by adding
vermiculite to the semisolid medium [13].
The combination WPMZ + MMN showed a high number of roots per plant, indicating healthy
and vigorous root morphology. In vitro induced root systems are usually different from those induced
ex vitro, presenting a whitish surface [5,33,37] and lacking branched roots and with a reduced number
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of root hairs [5]. This is a consequence of their anatomic physiognomy which has a poor differentiated
vascular tissue [5] which can affect water and nutrient uptake and consequently reduce survival
after acclimatization. Very often chestnut rooted plants do not survive when responding to ex vitro
conditions [5,38–40]. Indeed, Gonçalves et al. improved the acclimatization survival in 50% by
rooting the shoots ex vitro instead of in vitro [5]. The combination WPMZ + MMN presented a high
acclimatization rate, indicating that a functional root vascular system was developed.
5. Conclusions
The Portuguese chestnut breeding program benefits from a reliable tissue culture protocol that
enables us to manage large scale vegetative propagation of chestnut. The proposed protocol is
described in Figure 6 and includes the following steps: (1) maintenance of chestnut shoots in vitro in
MSB medium for six weeks; (2) elongation with WPMZ for six weeks; (3) pre-rooting in the activated
charcoal medium for seven days; (4) auxin hormonal shock with 1-g/L IBA for one minute, followed by
placing the shoots into perlite:vermiculite (1:1) mixture wet with adapted MMN liquid medium for
three weeks. Currently, other chestnut hybrids (C. sativa × C. crenata), C. sativa and C. crenata genotypes
are being produced by this method at our laboratory for research and production purposes (NEW Cast
Rootstocks-https://projects.iniav.pt/NewCastRootstocks).
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The continuous advances in chestnut breeding programs create the need to preserve and propagate
valuable new genotypes. More chestnuts need to be produced every year for plantation and research
purposes and overcoming the genotype-dependency, recalcitrance and the rooting bottleneck is
paramount to the success of these programs. This protocol is a contribution to the existing body
of knowledge.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/8/826/s1,
Figure S1: Rooting percentages of Castanea sativa × C. crenata hybrids (SC51, SC55, SC914, SC1202), C. sativa (CS12;
Origin: TRAGSA, Spain) and C. crenata (CC14; Origin: TRAGSA, Spain) after rooting with adapted MMN liquid
medium. Data correspond to the means of three rooting events (n = 40 to 140 per rooting event). Bars correspond
to standard e ror. Figure S2: Chestnut hybrids of SC1202 (A) and SC55 (B) genotypes (C stanea sativ × C. crenata)
after two years in the field.
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